A Bromodomain-Containing Host Protein Mediates the Nuclear Importation of a Satellite RNA of Cucumber Mosaic Virus C ucumber mosaic virus is the type member of the genus Cucumovirus and belongs to the Bromoviridae family of plant viruses (1) . Cucumber mosaic virus is a tripartite RNA virus, and its genome is divided among three single-stranded, positive-sense RNAs. Genomic RNA 1 (RNA1) and RNA2 encode two nonstructural proteins, 1a and 2a, respectively, that are required for replication (2) . Genomic RNA2 also encodes another protein, 2b (that is expressed as a subgenomic RNA4A), and is the designated suppressor of posttranscriptional gene silencing (3, 4) . Genomic RNA3 is dicistronic: a nonstructural movement protein (MP) open reading frame (ORF) in the 5= half is translated directly from RNA3, whereas the 3= ORF of the dicistronic RNA3 encoding coat protein (CP) is synthesized from another subgenomic RNA4 generated de novo from progeny minus-sense RNA3 (2) . Both MP and CP are dispensable for Cucumber mosaic virus replication but are required for whole-plant infection (2, 5, 6) .
In addition to genomic and subgenomic RNAs, some strains of Cucumber mosaic virus have been shown to encapsidate a 5=-capped, noncoding, linear, single-stranded RNA of 330 to 405 nucleotides (nt) (7, 8) . These small RNAs are classified as satellites (satRNA), since they are incapable of self-replication and completely dependent on the replication machinery encoded by its helper virus (HV), i.e., Cucumber mosaic virus (7, 8) . Although a satRNA associated with the Q strain of Cucumber mosaic virus (Q-satRNA) has no appreciable sequence homology with the HV genome, it significantly interferes with HV genome replication and either attenuates or intensifies symptom expression in planta (8) (9) (10) . Consequently, a majority of studies have focused on characterizing various strains of a given satRNA and their relationship to HV, symptom expression, and origin (8) (9) (10) (11) (12) . Because of the inherent dependency on HV, most research on satRNA replication to date has been performed in the presence of HV using mechanical inoculation of either virion RNA or in vitro transcripts (9, 10, 12) .
Recent application of molecular and cell biology approaches showed that when expressed in the absence of Cucumber mosaic virus Q strain, Q-satRNA has the propensity to localize in the nucleus and be transcribed to generate multimers of genomic and antigenomic strands (13, 14) . This previously unrecognized novel feature could account for the persistent survival of Cucumber mosaic virus Q-satRNA in the absence of HV (1, 15) . Furthermore, mutations engineered to evaluate the significance of Q-satRNA multimers generated in the nucleus exemplified that the nuclear phase is functionally active and obligatory for HV-dependent replication (14) . Since Q-satRNA has no nuclear localization signals, the question that needs to be addressed would be, how does QsatRNA reach the nucleus?
In 1992, a novel class of bromodomains, isolated from Drosophila melanogaster brahma protein, was identified as a primary amino acid sequence present in some proteins that have chromatin or transcription function (16) . Since then, many bromodomain-containing proteins (BRP) have been found in transcription complexes, where they perform scaffolding functions (17) . The bromodomain is a structural domain of 110 amino acids that is conserved from yeasts through mammals. With regard to the implication of bromodomain-containing proteins in viral pathology, they have been found to play an important role in the tran-scription of HIV (18) and Epstein-Barr virus (19) and in the inhibition of E2 protein that is involved in the replication of human papillomavirus (20) and, more recently, in Potato spindle tuber viroid (PSTVd), a subviral pathogen of plants. BRP1, also known as VIRP1 (viroid binding protein 1), is present in different tissues of healthy plants and was the first bromodomain-containing host protein isolated from tomato plants (21) . However, as shown in this study, this host protein is not exclusive to binding viroid; therefore, we prefer to use the term BRP1. Orthologs of BRP1 have been found in various Solanaceae species (Solanum lycopersicon, Solanum tuberosum, Nicotiana tabacum, and Nicotiana benthamiana) as well as in Arabidopsis thaliana (21) . BRP1 of N. benthamiana is 615 amino acids long and contains some functional domains specifying RNA binding and nuclear and vacuole localization signals (21) . Since PSTVd failed to infect BRP1-suppressed lines of N. benthamiana, a role for BRP1 in the PSTVd infection cycle was suggested (22) .
In this study, using molecular, genetic, and cell biology-based approaches, we sought to examine the mechanism regulating the nuclear importation of Q-satRNA. The results show that nuclear importation of Q-satRNA is mediated by BRP1.
MATERIALS AND METHODS
Virus strains, agrotransformants, and antibodies. The construction and characteristic features of agroconstructs of genomic RNA of the Q strain of Cucumber mosaic virus, Q-satRNA, and RNA5 (Q5) have been described previously (13, 23) . The construction and characteristic features of agroconstructs of VIRP1-FLAG (renamed in this study as BRP1-FLAG) and VIRP1-green fluorescent protein (VIRP1-GFP; renamed in this study as BRP1-GFP) were as described previously (22) . BRP1-His was constructed by amplifying a PCR product of BRP1 using a forward primer (5=-ATCTCGAGATGGCATCCGCCGTCTT-3=) and a reverse primer (5=-ACGCGGTACCTCAAGAGTGTGCATCATC-3=). The resulting product was digested with XhoI and KpnI and ligated into a similarly treated pRSET-1a vector. Generation of VIRP1 (BRP1)-suppressed transgenic lines of N. benthamiana (ph5.2nb) was conducted as described previously (22) .
Agroinfiltration and progeny analysis. All agrotransformants used in the study were transformed into GV3103 Agrobacterium cells and infiltrated into the abaxial side of either wild-type (wt) or transgenic lines of N. benthamiana leaves as described previously (24) . The total RNAs from either agroinfiltrated or mechanically inoculated plants were extracted using TRIzol reagent (Invitrogen). Q-satRNA progeny was analyzed by Northern hybridization with plus-strand-specific 32 P-labeled riboprobes as described previously (14) . In trans-complementation experiments (see Fig. 3 ), to prevent silencing of transiently expressed mRNA of BRP1, an RNA silencing suppressor, p19, was included in our agroinfiltration assays.
RNA tagging assay and confocal microscopy. The bacteriophage MS2-CP RNA tagging assay to localize the Q-satRNA in wild-type and ph5.2nb lines of N. benthamiana was performed as described previously (13) . Prior to performing confocal microscopy using Leica TCS SP2, at 2 days postinfection (dpi), the leaves were infiltrated with 1:1,000 dilution of 4=,6-diamidino-2-phenylindole (DAPI) in phosphate-buffered saline (PBS).
Subcellular fractionation. The nuclear and cytoplasmic fractionation was performed, with slight modifications, as described previously (25 [Sigma] ). The resulting homogenate was filtered twice through Miracloth and centrifuged at 5,000 rpm for 10 min at 4°C. The supernatant containing the cytoplasmic fraction was retained separately, while the pellet containing nuclear fractions was washed two times with chilled extraction buffer. Total RNA was extracted from the nuclear and cytoplasmic fractions using TRIzol reagent. RNA was subjected to reverse transcriptase PCR (RT-PCR) using Moloney murine leukemia virus (MMuLV) reverse transcriptase and Vent polymerase using a set of primers specific for either Q-satRNA (forward primer, 5=-GTTTTGTTTGTTAGAG AATTG-3=, and reverse primer, 5=-GGGTCCTGGTAGGGAATGATA-3=) or Cucumber mosaic virus Q strain RNA1 (forward primer, 5=-AGGATCCG ATGGCAACGTCCTCATTC-3=, and reverse primer, 5=-ACGGTACCTCA GACTAACGGAATACAAT-3=).
Co-IP assay. Coimmunoprecipitation (Co-IP) was performed as described previously (26) , with minor modifications. Wild-type N. benthamiana leaves were infiltrated independently with agrocultures containing the following inocula: BRP1-FLAG plus Q-satRNA, BRP1-FLAG plus QsatRNA plus HV, BRP1-FLAG plus Q5, Q-satRNA, Q-satRNA plus HV, and Q5. At 4 dpi, leaves were collected and ground in liquid nitrogen, and proteins were extracted in an extraction buffer (3 ml/g of leaf tissue; 20 mM Tris-Cl [pH 7.5], 300 mM NaCl, 5 mM MgCl 2 , 5 mM DTT, 1% plant protease inhibitor mixture from Sigma). Insoluble material was pelleted by centrifugation for 15 min at 12,000 rpm at 4°C, and the supernatant was filtered through a 0.22-m filter. The supernatant was subjected to immunoprecipitation for 4 h at 4°C by adding 25 l of FLAG M2 agarose beads (Sigma) per gram of starting material, with gentle shaking. Then, the agarose beads were washed three times with extraction buffer, followed by a short spin at 2,000 rpm at 4°C. RNA bound to agarose beads was extracted with TRIzol (Sigma). The resulting RNA was subjected to RT-PCR using sequence-specific primers for Q-satRNA (as specified above) and Q5.
Northwestern blotting and EMSA. Northwestern assay was performed as described previously (27) . Briefly, BRP1-His or His (uninduced or uninduced with isopropyl-␤-D-thiogalactopyranoside [IPTG]) was resolved by 12% SDS-PAGE and transferred to nitrocellulose membrane. Proteins immobilized on the nitrocellulose membrane were renatured overnight in a buffer containing 15 mM HEPES (pH 8.0), 10 mM KCl, 10% glycerol, and 1 mM dithiothreitol at 4°C. Membranes were then hybridized with 32 P-Q-satRNA or 32 P-Q5 for 1 h at room temperature in renaturing buffer containing 2 mg/ml of yeast tRNA. The membrane was washed twice with renaturing buffer at room temperature to remove any unbound RNA, followed by autoradiography. Electrophoretic mobility shift assay (EMSA) was performed as described previously (21), with minor modifications. For synthesizing 32 P-Q-satRNA transcripts, an HindIII-linearized pT7/T3 Q-sat plasmid (14) served as a template for in vitro transcription with T7 polymerase. For synthesizing 32 P-Q-PSTVd, an EcoRI-linearized pHa106 plasmid (28) served as a template for in vitro transcription with SP6 polymerase. Approximately 10 ng of 32 P-QsatRNA transcript was mixed with different concentrations of BRP1-His in binding buffer (10 mM HEPES-NaOH [pH 8.0], 50 mM KCl, 100 mM EDTA, and 5% glycerol) and 1 g of yeast tRNA in a final volume of 10 l. The resulting RNA-BRP1-His protein mixture was incubated at 22°C for 30 min and subjected to electrophoresis on 1% agarose gels prepared and electrophoresed in 1% Tris-acetate-EDTA (TAE) buffer, followed by autoradiography. For the binding specificity assay, either 32 P-Q-satRNA or 32 P-PSTVd transcripts were allowed to compete with a 5-fold excess of either unlabeled competitors (transcripts of Q-satRNA or PSTVd) or noncompetitors (3= tRNA-like structure of brome mosaic virus [BMV] RNA or Q5). The reaction products were analyzed by EMSA as described above.
RESULTS
Subcellular fractionation of Q-satRNA. We previously demonstrated that Q-satRNA has a propensity to enter the nucleus in the presence and absence of its HV (13) . To shed more light on the subcellular compartmentalization of Q-satRNA, we wanted to analyze the distribution of Q-satRNA in the presence and absence of HV during early stages of replication. Therefore, N. benthamiana plants were mechanically inoculated with either Q-satRNA alone or Q-satRNA plus HV. Inoculated leaves were harvested at 2 and 4 days postinoculation (dpi), and nuclear and cytoplasmic fractions were collected, followed by the detection of either Q-satRNA or HV RNA1 by RT-PCR as described in Materials and Methods. Results are shown in Fig. 1 . In plants inoculated only with QsatRNA, at 2 dpi, Q-satRNA was localized exclusively in the nuclear fractions (Fig. 1A, lane 1) . By 4 dpi, Q-satRNA was detected both in nuclear (Fig. 1A , lane 2) and cytoplasmic (Fig. 1B, lane 2) fractions, whereas in plants inoculated with HV plus Q-satRNA, nuclear and cytoplasmic fractions collected at 2 and 4 dpi contained Q-satRNA (see Discussion for an explanation). As expected, at 2 and 4 dpi, RNA1 (ϳ3 kb) of HV was detected in the cytoplasmic fractions of plants inoculated with HV (Fig. 1B , lanes 9 and 10) and HV plus Q-satRNA (Fig. 1B, lanes 11 and 12) . Taken together, the results confirm our previous observations that QsatRNA localizes to the nucleus. BRP1-suppressed N. benthamiana plants inhibit nuclear localization of Q-satRNA. It was previously observed that the replication of PSTVd was severely inhibited when the plants were coinfected with Cucumber mosaic virus and Q-satRNA, whereas Cucumber mosaic virus alone had no effect on the replication of PSTVd (29, 30) . Since PSTVd replicates in the nucleus and BRP1 plays a major role in PSTVd infection (22) , we hypothesize that the inhibition of PSTVd replication in plants coinfected with Cucumber mosaic virus and Q-satRNA is due to competition for BRP1 by PSTVd and Q-satRNA. These observations formed the basis to hypothesize that BRP1 could be involved in the nuclear importation of Q-satRNA. Thus, we performed a bacteriophage MS2-coat protein (MS2-CP) RNA tagging assay that allows visualizing the subcellular location of Q-satRNA in living cells (31) in wild-type (wt) and BRP1-suppressed transgenic lines of N. benthamiana. Briefly, a 23-nt MS2-CP binding site was engineered into stem loop C of Q-satRNA by the double joint PCR method as described previously (13) . This approach allows specific interaction between RNA molecules bearing binding sites and RNAbinding proteins (such as MS2-CP), permitting the visualization of subcellular locations of RNA molecules in living cells when these molecules are coexpressed with an RNA-binding protein fused with GFP (such as MS2-CP-GFP). Results are shown in Fig. 2 . When N. benthamiana leaves of wt and BRP1-suppressed transgenic lines were infiltrated with control constructs of GFP, GFP-CP, and GFP-NLS (nuclear localization signal [13] )-CP, fluorescent signals were detected in the expected subcellular compartments, i.e., GFP and GFP-CP in the cytoplasm and GFP-NLS-CP in the nucleus ( Fig.  2A and B, top set of images). Identical distribution patterns of GFP signals were observed when Q-satRNA was coexpressed with either GFP or GFP-CP or GFP-NLS-CP ( Fig. 2A and B , middle set of images). As demonstrated recently by our group (13) with wt N. benthamiana cells coexpressing Q-satRNA-MS2 and GFP-CP, the GFP signals were observed in the nucleus (Fig. 2A, bottom) . When similar constructs were expressed in BRP1-suppressed transgenic lines, GFP signals were confined to the cytoplasm (Fig. 2B , bottom). As expected, in both wt and BRP1-suppressed transgenic lines, GFP signals resulting from coexpression of control inocula containing Q5-MS2 plus GFP-CP were confined to the cytoplasm, while those for Q5-MS2 plus GFP-NLS-CP were confined to the nucleus. These results suggest that nuclear importation of Q-satRNA is mediated by BRP1.
trans-Complementation with BRP1 restores nuclear localization of Q-satRNA. To further authenticate the result shown in Fig. 2, BRP1 -suppressed N. benthamiana lines infiltrated with QsatRNA-MS2 plus GFP-CP were complemented with an agroconstruct designed to express BRP1. Control infiltrations were performed with Q5-MS2 plus CP-GFP. Results are shown in Fig. 3 . To visualize the nuclei, leaves were infiltrated with DAPI prior to viewing under a confocal microscope. Agroconstructs to perform the MS2-CP-based RNA tagging assay, experimental conditions, and the confocal microscopy procedure used are as described previously (13) . Bar ϭ 50 m.
Following infiltration of Q-satRNA-MS2 plus GFP-CP to wildtype plants, the distribution of fluorescent signals was confined to the nucleus, and trans-complementation with BRP1 did not alter this pattern (Fig. 3A and B, left side) . In contrast, in BRP1-suppressed lines, fluorescent signals were predominantly localized to the cytoplasm (Fig. 3C, left side) . However, trans-complementation with BRP1 restored the localization of fluorescent signal to the nucleus (Fig. 3D, left side) . Trans-complementation with BRP1 had no effect on the GFP distribution pattern for Q5-MS2 plus CP-GFP control samples in either wt or BRP1-suppressed lines (Fig. 3A to D, right side) . Collectively, the results shown in Fig. 2 and 3 confirm that BRP1 is the primary host factor involved in the nuclear localization of Q-satRNA.
In vitro interaction between Q-satRNA and BRP1. To verify the interaction between Q-satRNA and BRP1, we used two different assays. In the first assay, a Northwestern assay, BRP1 extracts from E. coli cells containing plasmid pHis-VIRP1 were separated on SDS-PAGE gels and transferred to a nitrocellulose membrane. A strong signal could be detected after the membrane was probed with radioactively labeled Q-satRNA positive-strand RNAs (Fig.  4A) . No signal was visible when radiolabeled Q5 was used as a hybridization probe (Fig. 4B) .
In the second assay, the purified protein was used to test the interaction of BRP1 and Q-satRNA in solution by EMSA. The protein was incubated with radioactively labeled monomeric QsatRNA positive-strand RNA in the presence of tRNA as a competitor, and the resulting complexes were analyzed on 1% agarose gels (Fig. 5) . Retardation of Q-satRNA was observed when the concentration of BRP1 was more than 25 M (Fig. 5A and B, lane  3) . A similar EMSA was performed to assess the specificity of BRP1 binding to Q-satRNA; the results are shown in Fig. 5B . In this assay, 32 P-labeled PSTVd transcript served as a positive control. Radiolabeled transcripts of Q-satRNA and PSTVd migrated to their expected positions in the absence of BRP1 (Fig. 5B, lanes 1  and 2) . As expected, a clear retardation of Q-satRNA and PSTVd was observed with BRP1 (Fig. 5B, lanes 3 and 4) . When either unlabeled Q-satRNA or PSTVd was used as a competitor, the retardation of the radioactively labeled RNA in each case was reversed (Fig. 5B, lanes 5 and 6) . No retardation was observed when either cold 3= tRNA-like structure from BMV RNA3 or Q5 transcripts were used as negative controls (Fig. 5B, lanes 7 and 8) . Taken together, data shown in Fig. 5 confirm that the interaction between BRP1 and Q-satRNA is specific.
Q-satRNA has a high affinity to bind BRP1 in vivo. To further verify the physical interaction between BRP1 and Q-satRNA in vivo, we performed a coimmunoprecipitation assay. For this, N. benthamiana plants were agroinfiltrated with BRP1 carrying a FLAG epitope (22) and then mechanically inoculated with either Q-satRNA or HV plus Q-satRNA or Q5 (control). At 4 dpi, leaf extracts were subjected to anti-FLAG immunoprecipitation. Results are shown in Fig. 6 . Q-satRNA ( Fig. 6A and B) , but not Q5 (Fig. 6C) , was specifically coimmunoprecipitated with anti-FLAG antibody. Since the interaction was sustained through stringent washing conditions (see Materials and Methods), we conclude that BRP1 strongly interacts with Q-satRNA in vivo.
A defect in nuclear importation phenotype significantly affects Q-satRNA replication. Results shown above clearly demonstrate that interaction of Q-satRNA with BRP1 promotes nuclear importation. In addition, we have previously shown that nuclear importation of Q-satRNA is a critical step for subsequent HVdependent replication (13, 14) . To further shed light on the biological significance of BRP1-mediated nuclear importation of QsatRNA ( Fig. 2 and 3) , the relative HV-dependent replication competence and accumulation of Q-satRNA progeny were examined in wild-type and BRP1-defective transgenic lines of N. benthamiana. Following agroinfiltration of HV and Q-satRNA, duplicate Northern blots containing total RNA recovered at 4 dpi were hybridized with riboprobes specific for HV and Q-sat. As a (defective in BRP1 expression) N. benthamiana plants were infiltrated only with satRNA-MS2-CP-GFP (A and C), while in the other set, BRP1 was transcomplemented by additionally infiltrating an agrotransformant designed to ectopically express BRP1 along with p19, a suppressor of RNA silencing (B and D). Identical infiltrations into another set of plants with Q5-MS2 plus CP-GFP served as negative controls. Plants that were not trans-complemented with BRP1 are labeled as "None." Agroconstructs to perform the MS2-CP-based RNA tagging assay, DAPI staining, experimental conditions, and the confocal microscopy procedure used are as described previously (13) . Bar ϭ 50 m. control, wild-type and BRP1-defective plants were infiltrated with a mixture of agrotransformants of brome mosaic virus (BMV).
Results are shown in Fig. 7 . Unlike in wild-type control plants, the HV-dependent replication of Q-satRNA was downregulated by 55% (Fig. 7A, bottom, lanes 1 and 2) . This downregulation of Q-satRNA is not attributed to the genetic defects in transgenic lines, since no such downregulation in the replication of BMV was observed (Fig. 7B) . Interestingly, in contrast to the case with wt plants, a 50% reduction in the accumulation of HV RNA was also observed in BRP1-suppressed lines (Fig. 7A, top, lanes 1 and 2) . The possible reasons for this HV downregulation in BRP1-suppressed lines are considered below.
DISCUSSION
The premise for testing the role of BRP1 in importing Q-satRNA to the nucleus is as follows. Q-satRNA has no recognizable nuclear . 32 P-labeled RNA transcripts were incubated with or without purified BRP1 for 60 min at room temperature. Mixtures were electrophoresed on 1.2% agarose gels and subjected to autoradiography. When either Q-satRNA (lane 1) or PSTVd RNA (lane 2, serving as a positive control) was incubated with BRP1 (lanes 3 and 4), retardation due to RNA-protein complex formation could be observed, which could be competed for in the presence of a 100-fold excess respective nonlabeled RNAs (lanes 5 and 6). Neither tRNA-like structure (TLS) nor Q5 affected retardation (lanes 7 and 8). Plants that did not receive BRP1-FLAG served as controls. At 4 dpi, leaf extracts were subjected to coimmunoprecipitation with anti-FLAG agarose beads, followed by extraction of eluted RNA as described in Materials and Methods. Samples that were not subjected to co-IP served as controls (lane 1). In panels A and B, RNA samples in lanes 1 to 3 were subjected to RT-PCR using a set of forward and reverse primers specific for Q-satRNA. In panel C, RNA samples in lanes 1to 3 were subjected to RT-PCR using a set of forward and reverse primers specific for Q5. Lanes M, molecular weight markers. localization signals (NLS). However, a host protein, identified as BRP1, having a bipartite localization signal was isolated from tomato plants and shown to promote nuclear localization of PSTVd (21) . BRP1 orthologs have been identified in other Solanaceae species, including N. benthamiana (21) . Since Q-satRNA, like PSTVd, lacks an NLS, we envisioned that analogous to the case with PSTVd, nuclear importation of Q-satRNA could be mediated through its interaction with BRP1. Furthermore, it was observed that the replication of PSTVd was severely inhibited when the plants were coinfected with Cucumber mosaic virus and Q-satRNA, whereas Cucumber mosaic virus alone had no effect on the replication of PSTVd (29, 30) . Since both PSTVd and Q-satRNA have a nuclear phase in their replication cycles, it is reasonable to speculate that replication of PSTVd in coinfected plants was abated by inhibiting PSTVd entry to the nucleus. This has led us to believe that the host factor involved in the nuclear localization of PSTVd (i.e., BRP1) is commonly shared with Q-satRNA as well. Consequently, these perceptions formed the foundation for performing experiments shown in the present study.
BRP1 promotes nuclear importation of Q-satRNA. Our subcellular-fraction experiments provide additional supporting evidence of our previous observations (13) that Q-satRNA encompasses a nuclear phase in its replication cycle. For example, Q-satRNA was successfully amplified by RT-PCR in the nuclear fractions (Fig. 1A, lane 1) but not in the cytoplasmic fractions (Fig.  1B, lane 1) collected at the earliest time point (i.e., 2 dpi) from leaves mechanically inoculated with Q-satRNA only. However, Q-satRNA was detected in both nuclear (Fig. 1A, lane 5 ) and cytoplasmic (Fig. 1B, lane 5 ) fractions collected at 2 dpi from leaves mechanically inoculated with Q-satRNA plus HV. A possible explanation for the detection of Q-satRNA in the cytoplasmic fractions could be that small portions of Q-satRNA multimers formed in the nucleus at 2 dpi enter the cytoplasm to serve as templates for replication by HV RNA-dependent RNA polymerase (RdRp). Alternatively, given the limitation of the technique, it is likely the cytoplasmic fractions are not 100% pure. Analyses of cytoplasmic fractions revealed that as early as 4 dpi, some Q-satRNA could exit the nucleus and enter the cytoplasm (Fig. 1B, lane 2) to serve as a template for HV-dependent replication. It was largely confined to the nucleus (Fig. 1A, lane 1) , since it was not present in the cytoplasmic fractions (Fig. 1B, lane 1) . By 4 dpi, some Q-satRNA appears to leak into the cytoplasm (Fig. 1B, lane 2) . We show that BRP1 is the first host factor identified as being involved in the nuclear localization of Q-satRNA (Fig. 2 to 4) . Also, BRP1 is the first bromodomain-containing host factor we identified having a prominent role in the replication cycle of a subviral pathogen associated with an RNA virus pathogenic to plants. Compelling evidence for the involvement of BRP1 in the nuclear localization of Q-satRNA comes from an MS2-CP-based RNA tagging assay performed in wt and BRP1-defective transgenic lines (Fig. 3) .
Function of BRP1 in the infection cycle of Q-satRNA. With the aim of elucidating the biological significance of BRP1-mediated nuclear importation of Q-satRNA, we tested the relative HVdependent replication of Q-satRNA in wt and BRP1-suppressed transgenic lines of N. benthamiana. Northern blot analyses revealed that the HV-dependent replication of Q-satRNA was severely downregulated in BRP1-suppressed lines (Fig. 7A) . The observation of a low level of Q-satRNA replication can be attributed to the fact that the transgenic lines of N. benthamiana are not 100% devoid of BRP1 expression (22) . Thus, we hypothesize that since BRP1 has a nuclear localization signal (21) and can specifically bind Q-satRNA (Fig. 4 and 5) , upon binding, one of its primary roles would be to promote the nuclear importation of QsatRNA. However, we do not rule out a possible role for other host proteins in this active process. We recently collected a pool of host factors associated with Q-satRNA using a riboproteomics approach and are in the process of screening the likely roles played by prioritized host proteins (other than BRP1) in the Q-satRNA infection cycle.
Results shown in Fig. 7 suggest a role for BRP1 in HV replication, since replication of HV was downregulated by 50% in BRP1-suppressed lines (Fig. 7) . Support for this conjecture was recently obtained from an in vivo protein-protein interaction assay which revealed that BRP1 does interact with HV replicase 1a. These observations suggest that BRP1 is an integral part of the HV replicase complex. We are performing additional experiments to substantiate the role of BRP1 in HV replication using Arabidopsis gene knockout lines of BRP1 orthologs. Results obtained from such studies are likely to provide valuable information concerning the role of BRP1 in the HV infection cycle.
In conclusion, as presented here, both PSTVd and Q-satRNA depend on BRP1 for nuclear importation. It is interesting that plants coinfected with Cucumber mosaic virus and its satRNA were resistant to PSTVd infection (29, 30) . It was suggested (30) that base-pairing between satRNA and PSTVd interfered with PSTVd replication. However, results of this study provide a more convincing alternate reason for the observed PSTVd resistance in plants coinfected with Cucumber mosaic virus satRNA. Although PSTVd was found to compete with Q-satRNA in EMSA (Fig. 5B) , in plants coinfected with PSTVd and Q-satRNA and its HV, the concentration of Q-satRNA would be significantly higher than that of PSTVd. Therefore, we hypothesize that in coinfected plants, a high concentration of satRNA would outcompete PSTVd for BRP1 binding, inhibiting PSTVd localization to the nucleus and preventing its replication. Additional experiments are in progress to substantiate this hypothesis. 
